The structure and magnetic properties of nanocrystalline PrCo 3 obtained from high energy milling technique are investigated by X-ray diffraction, Curie temperature determination and magnetic properties measurements are reported. The as-milled samples have been annealed in a temperature range of 1023 K to 1273 K for 30 mn to optimize the extrinsic properties. The Curie temperature is 349 K and coercive fields of 55 kOe at 10 K and 12 kOe at 293 K are obtained on the samples annealed at 1023 K. A simulation of the magnetic properties in the framework of micromagnetism has been performed in order to investigate the influence of the nanoscale structure. A composite model with hard crystallites embedded in an amorphous matrix, corresponding to the as-milled material, leads to satisfying agreement with the experimental magnetization curve. [ K. Younsi, V. Russier and L. Bessais, J. Appl. Phys. 107, 083916 (2010)]. The microscopic scale will also be considered from DFT based calculations of the electronic structure of RCo x compounds, where R = (Y, Pr) and x = 2,3 and 5.
Introduction
The permanent magnetic materials with high performance require appropriate intrinsic hard magnetic properties i.e a high uniaxial magnetocrystalline anisotropy field, a high Curie temperature and a high saturation magnetization. Among nanocrystalline magnets based on rare earth and transition metal compounds the RCo 3 compounds (R as a rare earth) have been the subject of many studies during the last decades. These ones crystallize in rhombohedral PuNi 3 -type (space group: R3m). The unit cell contains two non-equivalent crystallographic sites for R ions, 3a and 6c, and three sites for Co: 3b, 6c and 18h. RCo 3 alloys present excellent magnets properties such as large magnetocrystalline anisotropy and important saturation magnetization. These properties are resulting from to combination of the 3d itinerant magnetism of the Co sublattice and 4f localized magnetism of the sublattice.
In this study, we report the elaboration of nanocrystalline PrCo 3 by high-energy milling, and their structural and magnetic properties in amorphous state and after recrystallization. Hard magnetic properties of the as milled PrCo 3 have been improved by a controlled nanocrystallization, which optimize the grain size in order to obtain a high coercivity.
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In addition to the experiments, results from simulation and microscopic calculations are presented.
We have proposed a simple model for the system after annealing based on a lattice of crystallites embedded in an amorphous matrix. The simplest realization of such a model is considered here, in order to bring out at the qualitative level the microstructure effect on the magnetization curve. This model is treated in the framework of micromagnetism, i.e. through a continuous medium type of approach, and the calculations are performed by using the MAGPAR [1] code based on the finite elements method. We also present the results of ab initio band structure calculations and magnetic properties based on the spin polarized local approximation of the density functional theory (DFT) of RCo x , where R=(Y,Pr) and x=2,3 and 5 intermetallic compounds. We will focus on a quantitative analyse of the localized 4f states and itinerant 3d magnetism.
Experimental studies
A polycrystalline PrCo 3 was prepared by melting high-purity starting elements (> 99.9%) in an induction furnace under an atmosphere of high purity Ar. The ingot was remelted five times to ensure homogeneity. These ingots were used as pre-alloys to manufacture samples by high-energy milling. Technique and conditions of milling has been described in [2] . After milling, the powder mixtures was wrapped in tantalum foil and sealed in silica tubes under a vacuum of 10 −6 Torr, then annealed for 30 min at temperature between 1023 K and 1323 K followed by quenching in water. 
Structure analysis
Before milling, the ingot is analyzed by X-ray diffraction (XRD). The Fig. 1 The Curie temperature is determined by the exchange-coupling interaction between the nearestneighbor Co-Co atoms, which is the origin of ferromagnetism. This interaction depends markedly on the interatomic distance. The Curie temperature of PrCo 3 compound is 349 K, [2] this result is in agreement with the data given by Lemaire [3] .
The low Curie temperature in PrCo 3 compounds is due to the short Co-Co interatomic distances at the sites 6c − 18h and at 18h − 18h [2] , where the Co atoms couple antiparallel. In this structure, the 6c − 18h and at 18h − 18h interactions are strongly negative.
Isothermal magnetization curves M − H obtained at 293 K is represented in Fig. 3 for PrCo 3 . This 
Extrinsic magnetic properties
The best magnetic properties were reached after a treatment at 1023 K for 30 min. 3 Computational studies
Micromagnetism simulation
In order to get a picture of the link between the structure at the nanometer scale and the extrinsic magnetic properties we have performed a micromagnetic simulation on a model for the system.
The picture we have in mind is that the crystallization takes place locally on dispersed seeds in the amorphous matrix representing the as-milled sample. Hence we consider an assembly of crystallites presenting a uniaxial anisotropy comparable to what is expected in hard magnetic R-TM compounds.
The saturation magnetization, J s of the crystallites is that of the bulk PrCo 3 , namely J s = 0.723 T .
We consider the simplest realization of the model, by using identical crystallites, located on the nodes of a simple cubic lattice. The crystallites are either spherical or cubic; however, the later case is likely to be closer to the experimental sample. We have chosen somewhat arbitrarily a volumic fraction 
DFT calculations

Methodology
Band structure spin polarized calculations were carried out by using the DFT scheme implemented in the projector-augmented wave (PAW) method, performed with the VASP package [5, 6] . In the present study, the generalized gradient approximation (GGA) is used for the exchange and correlation energy functionals with the Perdew-Burke-Ernzerhof (PBE) [7] functional. A plane wave basis set with a cutoff energy of 600 eV was used in all calculations converged within 0.1 eV in total energy.
Brillouin zone sampling using a mesh of 0.5 k points for each primitive cell of RCo x compounds, described respectively in F d3m space group for x=2, R3m for x=3 and P 6 3 /mmm for x=5 compounds.
Structural optimization were carried out under the condition that residual forces should be smaller than 0.1 eV.Å −1 . Figure 6 shows the density of states (DOS) for the YCo x and PrCo x (x=2, 3 and 5) in the two directions of spin. For both series, the majority occupied states are dominated by the 3d states of Co, with a small electronic charge transfert of R to Co, which is more important from R=Y to Co than from Pr to Co (calculated by Bader's theory). The increase of x leads to a distinct shift of the Co-3d
Electronic structures
states in spin majority and minority DOS as expected in the rigid-band Stoner theory. Whereas RCo 2
shows the paramagnetic state as the most stable in energy, the ferromagnetic behavior is confirmed for x=3 and x=5 compounds, with an increase of the angular magnetic moment from 1.45 to 7.34 and 3.59 to 4.70 µ B f.u. −1 for R=Y and Pr respectively. The magnetic anisotropy has been confirmed for RCo 3 compounds, since non-collinear spin calculation along the z axis has been found ∼0.2 eV f.u. −1 more stable than calculation along x axis direction. Since the DOS at Fermi level is high enough for x=3 and 5, the itinerant magnetism properties of theses compounds can be explained by intra-atomic 3d − 3d exchange. In contrast to YCo x , PrCo x compounds present tiny and high density structures above the Fermi level, corresponding to localized empty 4f states of Pr. It is clear that the Co-3d states are modified compared to YCo x , due to the hybridization with the Pr-4f states. As expected in 3d − 5d hybridization compounds, the energy between the bonding and anti-bonding sub-bands becomes different for the two-direction of spins [8] . The consequence is a larger occupation of minority 5d states as compared to majority 5d of the rare earth, that means a ferrimagnetic coupling between 3d and 5d states occurs and increases with the increasing of x composition.
Conclusion and outlook
The PrCo 3 intermetallic compound crystallizes in rhombohedral PuNi 3 -type structure and presents a very high uniaxial magnetocrystalline anisotropy. The coercivity of this compound, prepared by high energy milling followed by annealing (1023 K, 30 mn), takes a very high value, up to 55 kOe at 10 K. A micromagnetic simulation and atomic scale ab-initio calculations have been performed to understand on the one hand the way in which the electronic structure and especially the interplay between 3d and 4f electronic states, leads to the observed anisotropy and magnetic moment, and on the other hand the relation between the nanoscale structure and the extrinsic magnetic properties. DFT calculations will be improved with spin-orbit coupling considerations, and with Hubbard corrections in order to better describe cohesive properties of materials with strong electronic correlations.
